The goal of quantitative autoradiography (QAR) in in situ hybridization (ISH) is to determine the amount of radioactive oligonucleotide or riboprobe present in the corresponding area of the tissue slice that produced an autoradiographic image. This article discusses (a) some of the considerations related to selection and use of computer image analysis sys-tems for accomplishing this objective, (b) development of 14C plastic autoradiographic standards for ISH QAR with 33E (c) using QAR to develop T, curves for ISH probes, and (d) measurement of resolution with video imaging systems for QAR. (1 Hisrochem Cytochem 4~7 6 7 -f 776, 1993) KEY WORDS: Image analysis; Calibration; Standardization.
Introduction
The widespread availability of microcomputer digital image analysis systems has made possible relatively precise quantification of autoradiographic in situ hybridization results (QAR) by grain counting and film densitometry, methods fundamentally different in equipment and technique. Grain counting of emulsion-coated sections is done with video cameras and microscopes, which are required to visualize and image the autoradiographic grains and underlying cells. In contrast, film autoradiography is usually done with video cameras and close-up lenses, and the film is viewed on a light box. In situ hybridization (ISH) images produced by contact film autoradiography have two advantages for QAR: anatomic location of the hybridization can be identified and the amount of bound probe can be measured by densitometry. The location of the hybridization is easily detected by visual inspection of the autoradiographic images. It is obvious that darker areas in the image have higher probe binding (hence, more hybridization) than lighter areas. The goal of QAR is to determine the amount of radioactive oligonucleotide or riboprobe present in the corresponding area of the tissue slice that produced the autoradiographic image. This article discusses some of the considerations related to
The Image Analysis Systems for QAR

Basic Principl'es of Computer Densitometry
The fundamental problem in computer densitometry for QAR is to relate the film density of the autoradiographic image to calibrated units that are biologically meaningful. This is normally accomplished by capturing a digital image of an area to be measured with a video camera fitted to the computer's imaging board. The imaging board subdivides the video image into image elements called pixels. The pixels comprise a rectangular array called a frame. The greater the pixel density, the sharper the image can potentially be on the monitor (although not necessarily the accuracy for QAR, as explained below). However, because the graininess of the film is a limiting factor to image resolution, a 512 x 512 pixel array is normally adequate for accurate QAR.
The imaging board essentially has a map of the pixel array and receives a voltage signal proportional to the brightness at each pixel (7) . These voltages are put into image memory and addressed by the imaging software, which converts them to a gray level value between zero (black) and 2 5 5 (white) and displays a gray level image on the monitor. The software can address each pixel and change its appearance, resulting in a processed image that enhances some qualitative feature of the image. Processing capabilities most useful for QAR are contrast enhancement and pseudocolor imaging.
The software normally can report the gray level value at each pixel, average the values in a selected area of the image, and (ideally) convert them to specific calibration units. It is important to remember that the image processing features such as pseudocolor are eyecatching and useful for display purposes but have minimal value for obtaining quantitative data. The image analysis capabilities are much more important for obtaining experimentally useful data (i.e., numbers), which is usually done in monochrome mode. with a newvicon tube, have capability of operating at gamma 1.0, but many vidicons are capable of only gamma 0.6. For such a camera, the video signal (voltages or gray levels) reported for pixels in brighter areas of an image is progressively less than what it should be. This can result in erroneously low measurements for the lighter areas in a scanned image and is unacceptable for QAR.
ManuaLBLad Level Control, Many video cameras automatically adjust the black (dark) level to compensate for changes in bright-
Components of the Imaging System
The image viewed on the monitor screen is a digitized representation of the image on the film. The facility with which accurate and correct selection of all components of the system, including the software. These requirements are discussed in detail elsewhere (2, 3, 8, 12, 13, (15) (16) (17) (18) . Briefly, the essential components of a computer imaging system for film QAR should have the following features.
ness of the image, to make shadow detail visible and pr&nt washout of the image in bright light. Although a useful feature for a surveillance camera that sweeps sunlight and shadowed areas, obviously this is unacceptable for film densitometry, since the camera thus defeat the purpose of QAR. The camera for QAR should have either no adjustment for dark level or a manual dark level adjustment that can be disabled (although automatic dark level compensation is useful for darkfield grain counting), QAR data can be Obtained from such images depends On the would adjust the brightness ofevery image appear identical and
Computer with Imaging Board. The computer and the imaging board are determined by the requirements of the image analysis programs to be used. The imaging board need have only c. 512 x 512 pixels and 256 gray levels. Boards with an array of 1024 x 1024 pixels will give sharper images on the screen (and cost considerably more) but may not yield more accurate QAR measurements. A board with 256 gray levels is satisfactory, although accurate QAR can be done with 64 gray levels (3,ll) . For both Macintosh and PC environments, fast microprocessors with large capacity hard disks and RAM are usually advantageous if not essential.
Video Camera. This can be either a solid-state (e.g., CCD) or vidicon monochrome camera (color video cameras are not necessary for in situ hybridization QAR). There are advantages and disadvantages to each, but vidicon and solid solid state cameras both can be adapted to QAR. Most important for QAR purposes are the following.
Stability. The camera will be used for hours at a time and must not significantly change its response to light over time. This can be checked by the user, but make sure that other components are stable, as well as line voltage to the light box. A line voltage stabilizer may be necessary. In general, the sensitivity of these cameras changes slightly as they warm up. A good procedure is to let the camera warm up for at least 15 min before calibrating the system and taking QAR measurements. Stability can be evaluated by measuring the gray level of a constant light soutce through a diffusion filter at period intervals over a few minutes t3 several hours.
LinearResjonse. The gray level output of the camera must not be different for dark and light areas of the image. The relationship between the amount of light entering the video camera and the voltage reported to the imaging board (represented by the gray level value) across the full range of light-to-dark values is called the gamma curve. A video camera used for QAR should have a gamma of 1.0 (shown as a straight line on a log-log plot of light input vs gray level output). This means that equal changes in brightness (i.e., optical density units) in both the light and dark areas of a QAR image will be measured accurately. CCD-type cameras typically have a gamma of 1.0. Some vidicon cameras, such as those Lens System. Since the images to be captured ("scanned") are often relatively small (i.e., nuclei in rat brain), some means is necessary to magnify the image. This is conveniently done with a 35mm camera macro lens (such as Macro-Nikkor 55-mm lens) fitted with a C-mount adapter for the video camera. Extension tubes can increase the magnification. A lens and bellows set-up is also satisfactory, although less convenient than a macro lens.
fight Box. The main requirements for most applications are that the light output can be manually adjusted and that it is stable over several hours. Uniformity of illumination is usually not a major problem with small images such as rat brain, since scans of individual nuclei may be only 1 mm square or less and "shading" of the image is not serious. For this purpose, a fluorescent light box such as The Northern Lights light box (Imaging Research; St Catherines, Ontario, Canada) is quite satisfactory. However, illumination uniformity can be a serious problem for large images such as primate brain. Ideally, minor shading caused by uneven illumination should be corrected by the image analysis program. In using the light box, several points should be kept in mind. (a) Do not lay the film directly on the box when scanning. This may image the ground diffusing glass or scratches and dirt on the glass along with the autoradiograph. Make a platform that raises the film at least 1 cm. A piece of plywood with a hole is fine. (b) Cover the light box with opaque material except for a small aperture for the scanned image. This reduces flare effects on the camera lens and increases operator comfort. An adjustable aperture can be made by mounting an iris diaphragm over a 25-cm hole in a plywood board or opaque Plexiglas large enough to cover the light box. The aperture can be adjusted to the size of the scan area. (c) Do not move the position of the aperture after the system is calibrated. All scans should ideally be made in exactly the same position on the light box.
Image Analysis Program. Image analysis programs suitable for QAR are available for both Macintosh and PC types of personal computers at reasonable cost. Avoid general purpose image analysis programs in favor of those specifically designed for QAR. It is possible to get valid data with a general purpose imaging program, but often these systems do not have many of the specialized rou-tines that facilitate gathering and analysis of data for QAR purposes. Features to look for in a program for QAR include Ithe following.
Calibration. This is the most important capability of a QAR program and one that should receive a most careful evaluation. You should be able to scan a series of calibration standards in specified units whose values are stored in a file and can be recalled without having to be re-entered at each session. Several curve-fitting options with graphic displays for the standards should be available. Avoid the use of cubic spline fits for QAR and do not use a program that gives only cubic spline fits. In our experience, the Calibration steps can be difficult or relatively easy, depending on the software. This is a critical step and should be easy to do and to redo in case of errors. The system must also be recalibrated (standards rescanned) whenever the magnification is changed because the light entering the camera changes. For this reason, it is convenient to do all scans at a single magnification as long as resolution is not compromised (see below).
Graphics. The options of saving and recalling images, cutting and pasting images, and adding labels are very useful, but QAR programs typically have limited graphics capabilities. More important, the program should save images in common graphics formats (e.g., TIFF, PICT) for export to more powerful graphics programs.
Image Output. Since the main purpose of QAR systems is generating densitometric data from films, there is no essential need for hard copy output devices for the images. Nevertheless, these images are highly desirable and various accessories are available for this purpose. If funds are limited, the first priority should be a film recorder camera. These produce 35-mm slides of the processed images (e.g., pseudocolor). Also useful are color video printers. Images can be also saved on various types of recording formats, including video disks and videotape.
Selecting an Imaging System for In Situ Hvbridization J
A turnkey system suitable for QAR is recommended, unless you have a hacker's mentality and programming skills (and lots of extra time). The manufacturer of a "system" usually produces the QAR software program and assembles a hardware package. Purchasing such a system is a good idea, since the components have usually been evaluated for quality and compatibility. It is especially important that the QAR system manufacturer every video camera to ensure that it exceeds specifications (ask if they do this). Discuss your needs and budget with the manufacturer, since there may be options for less costly computers, cameras, and software modules that you could buy separately. You will also want to get a service contract (mainly upgrades and program assistance).
Dual Channels. It is useful to be able to overlay two images on separate channels. For example, the autoradiographic film image can be scanned into one channel and the stained tissue section used to generate the film image can be scanned into a second image channel. These two images can be superimposed to identlfy anatomic boundaries that may be difficult to recognize in the autoradiograph. Ideally, the scanning area outlined on the stained section is automatically transferred to the autoradiographic section so that one can outline the region of interest in one channel, but the corresponding area on the other channel will actually be scanned. Some programs permit subtraction of a background image, producing a "specific binding" image.
Scanning Windows.
You should have the option of using preset scanning windows, such as rectangles that can be resized, or of manually outlining areas to be scanned with a cursor such as a mouse. Although outlining areas appears to be preferable, there are some significant disadvantages (see below). The system also should be easily calibrated for measuring areas of scanned regions.
Data Output. The software should make the recording and labeling of data straightforward, with a minimum of keystrokes. This aspect of various QAR software programs should be explored in detail to ensure that the data will be stored in a useful form. Data should be automatically saved after each scan to a log file on the hard disk (backup after each session!). The log files should be easily exported to spreadsheet programs, as well as to a printer.
Image Processing.
Although not essential for gathering of raw QAR data, pseudocolor palettes and processing, contrast enhancement, and visual calibration bars are useful for producing images to illustrate lectures, posters, and publications. Most image analysis programs have these features. It is helpful if the color bars are calibrated in the same units used to calibrate the system (rather than in arbitrary gray levels). Other image processing options include, for example, various filters, image reversal, contour plots, and particle counts. Most are "fun" and can produce impressive images but are of limited value for film QAR, although they may be quite useful for grain counting and other applications.
These are relatively inexpensive and well worth the money. Many QAR programs for image analysis systems were developed for receptor autoradiography and most of these are suitable without modification for in situ hybridization. Remember, the core of a QAR system is the software program, and these are rarely extensively tested before being released. Much of the testing is done by users who discover bugs after the purchase. Your best bet is to consider a system that has been in use at many installations for many years. We use the MCID system (Imaging Research), a highly evolved and widely used program with many options (16) . The DUMAS (8) and LOATS (12) systems are also widely used for QAR. In evaluating purchase of a new image analysis system for QAR, several points should be kept in mind.
Decide precisely what it is that you want the imaging system to do. This is the first and most important step. It will save you many dollars and you are more likely to get a system that will generate the data you need without costly, unnecessary frills. Many users will want the capability of both film densitometry and grain counting software. However, remember that grain counting will add the costs of a microscope and possibly a second video camera.
Evaluate the system personally for your needs. Find someone who has the system you are contemplating and arrange to spend several days on it, using your own films to generate data and images. The importance of doing this cannot be overstated.
Talk to people who are users. Specifically, discuss your needs with other investigators who are doing film QAR for in situ hy-briditation. This is how you find out about the limitations and problems of various systems.
Visit the manufacturer of the system. It is extremely important to judge what kind of user support you are apt to get. A visit with the manufacturer establishes lines of communication with individuals you will be phoning frequently over the months (and years!) as problems appear in the programs (and they will), your applications change, and new technology becomes available. You will also want to determine how cooperative they will be in making minor software modifications that may improve your data collection.
Measurement of Autoradiographic Film Density
Limitations Related to QAR
It is important to understand the quantitative principles of densitometry to interpret QAR data correctly. The Basic Photographic Sensitometry Workbook published by Kodak (1) is an excellent introduction to this topic for QAR novices. The fundamental concept for understanding QAR is Beer's law in physics, which states that that the absorption of light by different concentrations of a solute is an exponential function of the concentration. However, in the case of QAR it is obvious that these conditions are only approximated. The absorption of light is done by the autoradiographic film and the "concentration" is the amount of radioactive probe present in the tissue section that produced the autoradiographic image rather than in the image itself. In QAR, therefore, the concentrations of interest are not a direct function of the light absorption by the film but are an indirect function that depends on an additional variable, the film response to the radioactivity used to label the probe. An additional complexity is that the film's response to radioactivity is not linear over its full characteristic curve, although it may approach linearity over small ranges of radioactivity. Therefore, the film response to radioactivity over the range of optical densities actually encountered in the hybridized tissue should be determined to optimize sensitivity and accuracy of QAR measurements.
Optical Density. QAR systems essentially function as macrodensitometers which measure the degree of darkness (e.g., density) of the image as a function of light transmission. The amount of light that passes through the film is called its transmittance, whereas its opacity is the amount of light that does not pass through the film (i.e., it is the reciprocal of transmittance). Transmittance Dzffuse Optical Density. Since the opacity of autoradiographic film is due to light scattering as well as absorption, the film acts as a diffuser. Some authorities claim that the concept of diffuse density rather than optical density is therefore more appropriate. For practical purposes, this is an unimportant nuance.
Relative Optical Density. It is time consuming to calibrate a QAR system for OD at each session, and this usually is not necessary if calibrated radioactivity standards are present on the film. An acceptable compromise is to use relative optical density (ROD), defined as: ROD = loglo[l/gray level x 256-'], where a 256 gray level digitizer is used. ROD units have the same log-reciprocal relationship to light transmittance as true OD units but are scaled to the gray level values of the video signal and, for practical purposes, can be used in place of ODs (17) . For example, over the range of 0.05-2.4 OD units, ROD values reported by the MCID system (Imaging Research) are closely correlated with true OD values (? = 0.997), with significant deviations only at the very light and very dark ends of the curve (6) . Note that other authors may define relative optical density differently.
Calibration Units.
A practical issue is whether calibration units are to be related to OD or to gray level. The relationship between OD and gray level can be observed by scanning a series of neutral density filters or a calibrated photographic density strip (Kodak;
Rochester, NY) and graphing the results. Depending on the digitizer, this relationship can be linear or logarithmic, so gray level values alone have little quantitative meaning. OD values have precise relationship to transmittance, and transmittance has a relationship to radioactivity in the section, and is therefore more useful. Since the OD units are logarithmic, a doubling of OD from 0.3 to 0.6 represents one half the transmittance. This means that the image is twice as dark and only half as much light passes through (ideally, this reflects twice as much isotope concentration). Another doubling of tissue radioactivity would ideally give an OD of 0.9. Thus, an increase of OD from 0.3 to 0.9 represents a concentration difference of fourfold, not threefold. Since the quantitative relationships between film opacity and tissue radioactivity concentrations are better approximated with OD, it is usually preferable to calibrate QAR measurements to OD values rather than to gray levels when external calibrations standards are unavailable. Using gray level calibrations for QAR should be avoided, since gray levels indicate relative density and may severely under-represent actual concentration differences.
Standardization
Response of Film to Radioactivity
When film is exposed to increasing concentrations of radioactivity, the result is increasing film density. This relationship is represented graphically by the sensitometric curve (also called the characteristic curve) of the film. Sensitometry as it relates to radiographic applications is discussed by Gray and Haus (9) . The density of autoradiographic film depends on the isotope used, tissue properties, section thickness, exposure length, film, and film processing. These are related in a complex way that is beyond the present discussion. tively short range of radioactivity concentration. At concentrations below the steeply rising portion of the curve, the radioactivity is too low to produce much detectable change in film density. At higher concentrations the film density saturates, eventually reaching a plateau beyond which increasing radioactivity has no additional effect on film density. The relationship between film OD and tissue radioactivity over the full characteristic curve of the film is not linear. However, in practice, the actual range of tissue radioactivity encountered in most in situ hybridizations is relatively small, and with proper conditions can be made to coincide with the steeply rising portion of the curve (which is "almost linear"). In establishing optimal conditions for QAR, it is important that hybridized tissue slices produce ODs in the range of the steeply rising portion of the sensitometric curve. Low ODs are unreliable and high ODs underestimate true tissue radioactivity. It becomes evident that standardization of the film for the most accurate QAR (i.e., the steeply rising portion of the sensitometry curve) with a single exposure period is feasible for very limited ranges of tissue radioactivity (usually within a tenfold range).
Types of Standards. Two types of standards are in common use for QAR: plastic-impregnated radioactive standards and radioactive tissue homogenates. Commercial plastic standards for various isotopes are available from Amersham (Arlington Heights, IL) and
American Radiolabeled Chemicals (St Louis, MO). Tissue paste standards are usually prepared by the investigator by mixing various amounts of radioisotope with tissue "paste" mixtures that are put into a mold, sectioned on a cryostat, and thaw-mounted on microscope slides which are co-exposed with labeled tissue slices. Tissue paste standards have several disadvantages: (a) lack of uniformity; (b) varying composition of, e.g., lipids; (c) fragility; (d) contamina- tion of cryostat with radioactivity; and (e) the short half-life of isotopes such as 3% requires frequent preparation and calibration of new standards. Plastic sections impregnated with 14C are suitable as standards for in situ hybridization with 3'S-labeled oligonucleotides and riboprobes (14) . Plastic standards are calibrated by the manufacturer in terms of radioactivity per unit weight of plastic (e.g., pcilg). However, equivalent concentrations of an isotope in plastic and tissue sections will not necessarily have the same effect on film OD. Ideally, 14C plastic standards should be calibrated in terms of tissue-equivalent radioactivity (2).
33P for In Situ Hybridization. The availability of 33P-labeled nucleotides has generated much interest in the use of this isotope for in situ hybridization because 33P has much higher average emission energies than 35S but still offers good spatial resolution of grains. Some properties of 33P compared with 14C, 32P, and 3?S are shown in Table 1 . Similar data are commonly available from isotope manufacturers and extensively in the literature (e.g., 9,lO) We have found that 33P-labeled riboprobes are superior to those labeled with 3% in terms of lower background, shorter exposures, and increased sensitivity ( 5 ) . We prepared 35Sand 33P-labeled riboprobes to rat insulin receptor (RIR) mRNA using the identical 640-base template. Hybridization was done overnight with standard procedures and film was exposed for 20 days to brain sections hybridized with the [3?S]-RIR riboprobe and for 6 days to those hybridized with the [33P]-RIR riboprobe (Figure 2) . The calibrated densities produced by the [33P]-RIR riboprobe with only 6 days of film exposure ranged from 8-%fold greater than that obtained with the [ 3SS]-RIR riboprobe and 20 days of film exposure (mean 10.5 f 1.4 times greater,p<0,001). These observations suggest that, compared with [ 35S]-riboprobes, [ 33P]-riboprobes offer increased sensitivity with shorter exposures for detecting scarce mRNAs by in situ hybridization.
Calibrating 14C Plastic Standards for 33P. This section summarizes a general method that can be used to calibrate a set of plastic standards in terms of tissue-equivalent radioapivity, as described in more detail elsewhere (2,4,6) . The rationale for using permanent 14C plastic standards for 33P autoradiography is obvious if one considers that the short half-life of 33P would require making new tissue standards every few weeks. 14C plastic is ideal as a reference standard for 33P, since the half-life of 14C is essentially constant for practical purposes and its emission energy approximates that of 33P. The procedure involves co-exposing sections of liver paste labeled with various concentrations of 33P along with plastic standards containing different concentrations of 14C. mm2 is determined for each slice and plotted against the ROD for the slice (Figure 3 ). An equation is obtained which is the best fit between tissue 33P DPM/mm2 and the ROD of autoradiographic images produced by the 33P-impregnated tissue slices, as determined by computer densitometry. In this case, the fourth-degree polynomial provides the best fit (r = 0.9999): y = 1 2 9 . 2~~ -2 4 0 . 1~~ + 136.7~' + 48.4~ + 31.4
This equation is used to derive the tissue-equivalent 33P concentrations for the 14C standards from the RODS of the images produced by the 14C standards. Figure 4 shows that over a short range of tissue radioactivity, the relationship between 33P concentration and ROD is essentially linear. A calibration of the ARC146A I4C plastic standard slide for a 3-day exposure is shown in Eble 2. This represents the useful range of 14C plastic sections on the ARC146A slide. It is valid only for (a) Hyperfilm Bmax, (b) a 3-day exposure period, (c) 30-pm cryostat sections, and (d) ARC146A 14C standards. If sections thinner than 30 pm are used, the values must be corrected for section thickness (not necessarily a linear correction). The tissue-equivalent 33P vs ROD standard curve for the ARC146A standard and Hyperfilm Bmax (3-day exposure) is shown in Figure 5 .
Tm Curve by In Situ Hybridization. QAR can be used to characterize riboprobes by analysis of melting curves. The Tm (temperature at which 50% of the hybrids dissociate) is a predictable characteristic that is modified by a variety of hybridization conditions and factors that are beyond the scope of this presentation. In general Tm analysis can provide insight as to whether a riboprobe is hybridizing to the appropriate mRNA, the degree of base pair hybrid mismatches between probe and mRNA, and optimal washing temperatures to minimize undesirable hybridization. Tm values obtained by in situ hybridization are usually close to the calculated values, although observed Tm values 10°C below the calculated theoretical points are commonly observed (and usually produce satisfactory results). The calculated theoretical Tm values can be derived from several available formulas that include various coefficients related to the hybridizing conditions. Which formula to use appears to be somewhat arbitrary and a matter for individual judgment. Figure 6 shows a Tm curve obtained by QAR for a 640-base [35S]-riboprobe to the rat insulin receptor mRNA. The probe was hybridized to rat brain olfactory bulb slices at 37°C overnight and then slides were washed at temperatures of 25-1OO0C, followed by film exposure for 10 days. QAR measurements from the inner granule cell layer of the olfactory bulb yielded the Tm curve, which is plotted as percent of dissociated hybrids vs temperature. The theoretical Tm value was derived with the following equation: where GC is the fractional GC content of the probe, M is the molar salt concentration, Pf is the percent formamide concentration, and Pm is the percent mismatches between probe and mRNA.
Limitations and Cautions: Sources of Error
All procedures and equipment in QAR contribute errors to the final results. This includes tissue processing, assay procedures, autoradiographic exposure, photographic factors, imaging system, and software. These sources of error are discussed in detail elsewhere (2, 13, (15) (16) (17) (18) .
Nomalization of QAR Data
The question arises as to the preferred units for normalizing or expressing QAR data for in situ hybridization. This issue has been discussed previously with respect to quantitative receptor autoradiography (2,3). It should be kept in mind that in situ hybridization is a semiquantitative method. Since it is usually more important to determine the degree of relative changes in mRNA levels (e.g., after an intervention or during development) rather than the precise number of mRNA copies present in the tissue, relative accuracy of measurement is usually more important than absolute accuracy. For this purpose it is probably satisfactory to express film ODs in terms of the plastic calibration standards (e.g.. pCilg). If more rigor is required, the QAR results can be expressed in either radioactivity per unit weight (usually of protein), nucleic acid or radioactivity per unit area, using tissue standards calibrated to the isotope used fQr labeling. A common practice in the literature is the use of "arbitrary hybridization units" or the like. These units are usually uncalibrated and undefined and are often merely taken from gray level values. Another practice is to use the product of hybridization area x density, which is a method for integrating changes in levels of RNA per cell and numbers of cells expressing mRNA. All of these can be valid means of expressing in situ hybridization data if used critically and with an understanding of their limitations and the precision required in the experiment.
The S a m p h g Problem
There is a risk for major errors when decisions are made about areas to be scanned in autoradiographs, especially in brain imaging. The autoradiographic image is often relatively faint and the anatomic landmarks indistinct. A region that appears to be labeled frequently does not exactly match known anatomic nuclei or layers. Moreover, the boundaries of the labeled area are "fuzzy." The question arises as to the best method for selecting and sampling these areas for QAR purposes. One approach is to outline the area and scan the enclosed area. A more precise approach is to use gray level threshholding (image segmentation) to define areas above background (13, 15) . These methods raise the problem of deciding on the boundary between labeling above background and background (i.e., where do you draw the line?). This is somewhat arbitrary and runs the risk of selecting for measurement only areas of highest labeling while excluding relevant areas that may have reduced labeling. Consequently, the results might show "no difference" among treatment groups because whereas the areas of high density may have changed (presumably reflecting reduced mRNA content by many cells), the density within the scanned areas may be unchanged. Likewise, measuring only the area of hybridization may overlook density changes related to mRNA levels within the scanned areas. Ideally, both area and density measurements should be evaluated. If dual-channel sampling is available, this can be used to define the boundaries of classical brain structure based on atlas diagrams. This is probably the most rigorous way to sample various nuclei and layers in the brain.
There is no completely satisfactory solution to the problem of selecting areas for sampling, at least with the programs commonly used for QAR. All procedures ultimately require making arbitrary decisions about boundaries of areas to be scanned. The best that can be hoped for is that this is done with careful consideration (and knowledge) of the anatomy of the organs, and that the procedures adopted produce reproducible data when sampling is done by different individuals, As a check on reproducibility, it is a good practice to select a standard set of films with hybridization images that can be rescanned by new operators (as well as periodically by anyone) to verify that constant results are produced.
Resolution
The Meaning of Resolution for QAR. The resolving power of a computer digital imaging system for QAR purposes is the ability to measure true OD rather than point-to-point visual separation on the monitor. The traditional concept of resolution with optical instruments (i.e., the ability to recognize fine detail or to visually distinguish two close image points) is not appropriate for QAR with computer digital image processing. Just because the imaging system produces a visually sharp image on the monitor screen does not mean that it accurately measures the OD of fine detail that can be seen in the monitor image.
Therefore, the accuracy of the QAR method depends on valid measurement of OD. Measurement of probe binding in small regions of the brain presupposes that the imaging system accurately reports the OD of the areas scanned in the autoradiographic image. This raises the problem of defining the smallest areas that can be accurately measured at true OD in an autoradiographic image. With all digital imaging systems there are limits to the dimensions of an object that can be imaged at full contrast (i.e., true OD). The image contrast of smaller objects decreases gradually and often imperceptibly, even though they are visually recognized on the monitor. This means that the video cameraldigitizer under-reports true OD of finer objects of the image, which contributes an error to the QAR results. tion, an approximation of its modulation transfer characteristics (7, 18, 19) . The contrast transfer function can be determined, for practical purposes, with a target transparency having parallel black and transparent bars, as shown in Figure 7 . Contrast is the ratio of gray level input over measured gray level output. The computer reports the gray level output as the digitizer scans the rows of bars. This is done by scanning a row of bars with a line one pixel wide, producing a scan profile of peaks and troughs, and observing the line frequency (i.e., number of lineslmm, or increasingly finer line width) at which the peaks and troughs begin to lose height and depth (or at which the measured gray levels are incorrect). The gray levels will be minimal for the wide black bars and maximal for the wide white bars, since black is gray level 0 (zero) and white is gray level 255 for most digitizers. As narrower bars are scanned, a line frequency will be reached at which the gray levels reported for the black bars begin to increase (i.e., begin to lose blackness) and those for the white bars are reduced (increase grayness). Plotting gray level output as percent of total contrast (i.e., the maximal gray level of the widest bars) vs bar width reveals the contrast transfer characteristics. This measurement is done in both vertical and horizontal axes. An example of a contrast transfer function is shown in Figure 8 .
The object is to determine the dimensions of the smallest object that is accurately measured at full contrast (correct gray level or OD). This test dramatically shows the inability of the system to produce true OD readings of small structures that can clearly be resolved visually. Failure to consider the contrast transfer function is an often unrecognized source of error in QAR methodology. Therefore, the common practice of scanning several regions of differ-Method for Determining Resolution. The resolution of a digital imaging system can be estimated from its contrast transfer func-ent sizes in an image risks underestimating the true OD of smaller structures (and, hence, the amount of hybridized probe).
Inaeasing Resolution. Accurate measurement of the OD of objects smaller than the minimal dimension that gives 100% contrast requires increasing optical magnification by mounting the camera on a bellows with an enlarging lens or using a macro lens. In practice, film grain limits useful magnification, as the "texture" of the grain distribution becomes enlarged and appears as a pattern of light and dark patches. Large differences may be obtained when film background is measured in this case, depending on whether the scanned area is a light or a dark patch. If OD measurements are made at such high magnifications, the minimal area s a mpled must be such that the statistical mean OD of a number of measured areas does not vary significantly. However, if this is the case, emulsion coating of the sections and grain counting should be considered.
